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1. FUNDAMENTAL AND DERIVED UNITS. 
1I1etric . . English. 
Symbol. --------------------~------ I------------·----_.--------
Length .. . 
Time .... . 





meter .... . .... .. .......... . 
second .................. .. . 







foot (or mile) ....... .. .. ft. (or mi.). 
second (or hour) ...... . sec. (or hr. ). 
weight of one pound . ... lb. 
Power... P k~.m/sec .. ... ... ........... ..... ...... horsepower ............. . 
Speed .. ...... ...... m/sec ............... . ... ... j ffi. p. s. mifhr.. . ............... . II' M. P. H. 
------~----------~ 
2. GENERAL SYMBOLS, ETC. 
Weight, W=mg. 
Standard acceleration of gravity, 
g = 9.80Gm/ ec.2 = 32.1 12ft/sec. 2 
W Mass m=--
, g 
Density (mass per umt volume), p 
Standard density of dry air, 0.1247 (kg.-m.-
sec.) at 15.6°0. and 760 rom. =0.00237 (lb.-
ft. -sec.) 
Specific weight of "standard" air, 1.223 kg/m.! 
= 0.07G35 Ih /ft.3 
:Moment of inertia, mk2 (indicate axis of the 
radius of gyration, le, by proper subscript). 
Area, S; wing area, Sw, etc. 
Gap, G 
pan , b; chord length, c. 
A pect ratio = b/c 
Distance from c. g. to elevator hinge,!. 
Ooefficient of viscosity, J.I.. 
3. AERODYNAMICAL SYMBOLS. 
True airspeed, V 
Dynamic (or impact) pressure, q=~ p 1'2 
Lift, L; absolute coefficient 0;.= <J.~ 
Drag, D; absolute coeITicient ~) = DS q . 
Cross-wind force, 0; absolute coefficient 
C 
Oc= qS' 
Resultant force , R 
(Note that these coefficients are twice as 
large as the old coefficients L e, Dc.) 
Angle of setting of wings (relative to thrust 
line), i." 
Angle of stabilizer setting with reference to 
thrust l.ine i, 
Dihedral angle, 'Y 
Reynolds K umber = p Vl, where l is a linea.r di-
J.I. 
menstOn. 
e. g ., for a model airfoil 3 in. chord, 100 mi/hr., 
normal pres ure, 0°0: 255,000 and at 15.6°0, 
230,000; 
or for a model of 10 cm. chord, 40 m/sec., 
corresponding numbers are 299,000 and 
270,000. 
Oenter of pressure coefficient (ratio of distance 
of O. P. from leading edge to chord length) , 
Cp • 
Angle of stabilizer setting with reference to 
lower wing. (it-iw) = f3 
Angle of aLtack, a 
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A CONSTANT PRESSURE BOMB. 
By F. W. '['EVE ' S. 
SUMMARY. 
This report describes a new optical method of unusual simplicity and good accnracy suit-
able to the study of the kinetic", of explosive gaseous reactions ; it deals with a part of an 
in ve tigation of the rate of explosive gaseous reactions being carriC'd out at the Bureau of 
tandard at the request of and with the upport of the National Advisory Commit,tee for 
Aeronautics. 
The device is the complement of the spherical bomb of constant volwne, and extend the 
applicability of the relationship, pv = nRT for gaseous equilibrium conditions, to the use of both 
factors p and J). 
The method substitutes for the mechanical complications of a manometer placed at Rome 
distance from the seat of reaction the possibilit.y of allowing the radiant e[pcts of the reaction 
to record themselves directly upon :1 sensit.ive film. 
It is possible the device may be of use in the study of the photo-electric effpcts 01' radiation. 
The method makes possible a greater precision in the measurelUent of normal flame veloci-
ties than was previously possible. 
An application of the method in the investigation of the relationship between flame velocity 
and the concentration of the reacting components, for the simple reaction 200 + 02~2002' 
shows that the equation k = h2~0 describes the reaction. 
lFeo 02 
An approximate analysis shows that the increase of pressure and density ahead of the 
flame is negligible until the velocity of the flame approaches that of sound. 
I TRODUCTION. 
In the study of the reactions of explosive gaseous mixtures a number of methods have 
been developed suitable to the particular end in view. For the most part the e inve tigations 
have followed one or the other of two well-defined direction : A study of the equilibrium con-
ditions of the reactions; or a study of the kinetics of the problem. 
For the first case the more general and more widely under tood expl'e ions of thermody-
namics were at first largely employed in these investigations following their extended and 
successful use in the theory of the steam engine. Lately, however, the more complete descrip-
tion of equilibrium conditions of explosive reaction a indicated by the mas law has found 
wide application by many different methods.! 
For the second case the mass law has furni hed the chief guidance for the inve tigations 
and has interpreted the re ults. In the earlier studies of this phase of the reaction the classical 
methods of procedure were employed. Bodenstein 2 extended these methods into iemperature 
ranges closely approaching the ignition temperature of the gases. When the ignition tempera-
ture i reached, and the reaction is accompanied by flame, the cIa ical methods of investiga-
tion are no longer applicable, owing to the sharply localized and rapidly moving area of reaction 
I W. Nernst: Die Theorctischcn u. expcrimentcllen Grundlagen des neuen Wiirmesatzcs. H alle, 191 • p . 13. 
, Max. Bodenstein: Gasreaktionen in der chemischen Kinetic. Z. r. Physik, Chemic. 29, 1899. 
3 
r-- ~~-
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indicated by the flame a distinguished from the undifferentiated transformations taking place 
throughout the entire volume. The short duration of the proces also precludes the ordinary 
method of chemical analy i eluring the course of the reaction. As a con eq uence of this, and 
bccausc no suitable mCLhod ha been developed for following the kinetic of the r action into 
the flame it elf, little is known of the kinetics of ex plosive gaseou rCl1ct ions.3 
The apparent irregularitie thaI, are ob erved to occur in the course of the reaction, par-
ticularly within closed bombs and within the cylinders of internal combu tion engine, their 
eviden t relation to pressure, reftction velocity, temperature, and photo-electric effect 4 are now 
the major unsolved problems in engine theory and practice as they likewi e are in the kinetic 
of gaseou reactions. 5 
The possibilities of the eon tant pre sure bomh in Lhe , tudy of the kinetics of gaseous 
explosions is uggested in the following description: 
DESCRIPTIO OF THE APPARATUS. 
The complement of the spherical bomh of constant volume fired from the center would be 
a spherical bomb of con tant pre ure fired likewise from the center. Thi may be clo ely 
realized for flame velocitie , noL too near. the velocity of sound, by holding temporarily the 
explosive gaseous mixture within a ' oap film. This arrangement, for gases that do not react 
upon the container, has the advantage of being tran parent and of permitting the course of the 
explosive wave to he followed photographically with high preci ion. AI 0, ince the equi-
librium conditions are only special ca es of the kinetic of the problems, the method permits an 
inve Ligation of the thermodynamic of these conditions, since the photograph records the 
initial and final volume as well as the intermediate volume change. 
In actufll practice a bubble, b (see diagram, fig. 1), of convenient size, i blown with the 
gfl eous mixture whose composition i known. The orifice holding the bubble i provided 
with an adjustahle plunger, 1\ carrying the in ulated ignition wires and having at its lower end 
fl spark gap, c, aero which an ignition spark may be ent. After the bubble is blown the 
spark gap is adju. ted a nearly amy be 1,0 the center. The lowering of the plunger also seals 
the bubble. Behind the bubble i a black screen 01~()1 having a narrow, horizontal, translucent 
slit that can be illuminated so that the po ition of the sparker relative to the bounding surfaces 
of the bubble at either side of it may be photographed and determined while the photographic 
film is stationary. Thi record i shown in the photographic Figure 2 at o. In front of the 
bubble is the camera focu ed upon the park gap. Behind the lens and a close as pos ible to 
the photogrn.phic film is placed another creen, s', having a very narrow, horizontal slit through 
which the progre of the flame image after igniLion can be followed only along the horizontal 
diameter of the bubble. Thi horizontal motion of the name outward from the spark gap i 
recorded by the camera on a en itive film attached to ~ drum that rotate 0 that the motion 
of the photographic film is at righ tangle ·to the motion of the flame. The motion of the pho-
tographic film, during this exposure, is determined by impo ing upon it the time record of a 
calibrated fork, t. These well-defined intervals, together with the record of the ignition spark, 
1., are hown aloin the photographic Figure 2 at I. The line made by the composition of these 
two motions at right angles to each other, where the motion of one, the film, i known , permit 
the determination of the flame velocity in pace and a continuou record of the volume changes. 
THEORETICAL. 
The que tion will naturally ari (} as to the pressure concli tion ahead of the flame during 
these processes; for the concentration of the reacting component, and hence the velocity of 
reaction, i gravely affected by pre nre. The velocity varies as the square of the pressure in 
a tri-molecular reaction such as the one shown in Figure 2 for 200 + O2 •6 This figure shows, as 
• Max. Bodenstein: Gasreaktionen in der chemischen Kinelic. Z. r. Physik. hemic. 29. 1899, p. 147. 
• WDl . C. McC. Lewi., A System of PhYSical Chemi<try. Vol. m, pp. 134- 145. 
• H. R. Ricardo: Automobile Engineer, February. 1921. 
• J . H. Van't HOlf: Lectures on Theoretical and Physical Chemistry, pt. 1, p. 238. 
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do all the photographic records for velocities not too clo e to the velocity of sound, that the 
velocity during the reaction remains constant. 
An analysis by F. B. Silsbee of these conditions as they apply to the present method 
is given at the end of thi paper. Thi indicates that the pressure effect ahead of the flame 
are negligible until the flame velocity approaches that of ound. 
A to the .effect the oap film container may have on the reaction, the film usually break~ 
soon after ignition, forming many small drop. None of tho photographs taken for velocity 
mea urements, hO'wever, show any di ' turbance in the rn.te of flame movement to indicate 
the instant of rupture of the film. For very slow reactions the film may !lot break till the flame 
reache it, and in nearly every case there icon iderable dis tell tion before rupture takes place. 
If the rupture wa accompanied by any considerable change of pressure, the effect would show 
at once in a corre ponding change of velocit:v. For reaction of high velocity, there.. are indica-
tions that the soap film reflects the impulse wave (or at lea t a part of it) starting with the 
ignitioll. Where tIllS reflected wave meets with the outgoing flame surface, an almost instan-
taneous increase in velocity take place following the corre ponding increa e at this point in 
the concentration of the ga es the flame is entering. 
The effect of a change in initial temperature under constant pre ure conditions i small 
and need not be taken up here ince the initial temperature condition of the method i practi-
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The velocity of the flame in space, a indicated by Figure 2, is not the actual rate at which 
the mixture of explosive gases is tran formed, but thi latter, more fundamental value, is 
easily obtained from the above record as the following general consideration w:ill show. 
Conceive the flame front w, Figure 3, held stationary by the flow of the explo ive mixture 
against it at the rate s at which the flame would advance in the stationary gas. Let s' be the 
rate at which the products of eombu tion leave the flame, and let p and p' repre ent their 
corresponding den ities; then 
ps=p's' 
and 
where a and A represen t the ini tial and final radii of the ga eous phere. 
and since s' = ~ 
where t is the time of the reaction. 
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The dimensions of s are therefore 
emS L 
cm 2 sec =7 
and this defilies the reaction velocity for the form taken by an explosive wave. A number 
of expr . ion have been suggested for this magnitude as low burning, normal hurning, and 
mass burning veloci ty. 7 
PRECISION OF MEASUREMENTS. 
Under ordinary working conditions the method i capable of an accuracy of about 2 per 
cent. The accuracy in recording the time element is within one-tenth of 1 per cent; the meter-
FlO. 2 
ing and gao purity within 2 pel' cent; the reduction of photographic 
dimensions, about 2 per cent. The chief difficulty i met with in deter-
mining the eJld point of the reaction, a value affecting both A and t. 
J a tur ally thi,; enor is greate. t for high velocitie and lea L for the low 
one ' . The precio,ion of measurement i al ' o influenced by the degree of 
sharpnes of the photographic record; the actinic properties of the flame 
differing for different gases and for different mixtures of tho e gase . 
APPLICATION. 
Some direction in which the device may be applied suggest them elves 
from its analogy to the bomb of constant volume, over which it has the 
advantage of ub tituting a direct optical record for that of a material 
manometer ituated more or Ie remote from the seat of reaction. 
It was in an investigation of explos-
ive gaseous reactions and flame move-
ment that it ,vas developed and for 
which purpose it seems well adapted. 
It is al 0 po ib10 it may find applica-
S' 
tion in studie of radiation. For the Fig.3 






precision much exceed that of the Bunsen-Gouy 8 method. Results by 
the two methods agree within the limit of experimental error. 9 
A series of mea urements carried out by thi method to determine the 
reaction velocity s over the po ible mixture ratio that would ignite, show 




where s is the flame velocity relative to the reacting component and Oeo and 002 their partial 
pre sure. le, the velocity factor, is found to be remarkably con tant for thi reaction over 
the entire range of mixture ratio. The e results are expressed in the following table: 
7 J<'Jamm u. Mache: Die Verbrennungeines e>'1>J osh'en Gasgemisches in Geschlossencm Galass. SitzungsOOrich te IT. a, 126, p. 38, K aiser. Aknd. 
d. Wisscnschalten in Wien. 1917 . 
• M. Gouy: Rccherches Photometriquc sur les l·'lammes Calores. Ann. de Chemie et de Physique ( f,). 18,1879 . 
• W. Michelson: UOOr die normale Entziindunb-sgeschwindigkr it E xplosh'cr Gnsgemische. Ann. d. Physik lI. Chcmie 37,1889, p . 1. 
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Pcr cent co velocitK k S 
10 0,+ CO. co'xo •. observe I em/sec. - C'co co •. 
30 0.0630 44 699 
35 . ~96 53.5 672 39 .0 28 66- 711 
43.5 .1069 77 720 
'17 . 1170 83.5 695 
48 .1200 !l1 701 
.50 .1250 87 696 
50.5 .1260 88 fi97 
53.5 .1340 94 700 
55 .1360 94 691 
56 .13l1O 93 674 
56 .13RO 97 703 
57 .1390 98 701 
57.5 .1390 96.5 693 
58.5 .1420 97.5 687 
60 .1470 99.5 675 
61 .1450 100 689 
63 .1470 102 727 
69 .1480 104 705 
74 .1420 100.5 702 
80.5 .1260 90.5 716 
82.5 .1190 82 688 
86 
J 
.1040 66.5 642 
91 .05:10 33 622 
-
k~692 
APPROXIMATE ANALYSIS OF THE PRESSURES AHEAD OF THE FLAME. 
A rigorous olution of the mathematical problem of computing the development of pressure 
ahead of the flame jn this experiment would be exceedingly difficult. An approximate analy i , 
however, can be arried through if the efI ct of the oap :film are negleeted, by first a uming 
that the gases, both before and after combu tion are incompre sible fluid. Thi means that 
during the progress of the flame the den it)' of the aas ha the con tant value Po out ide of the 
spherical flame mface and the constant value Pr inside. If T( i the radius of the flame surface 
at any in. tant, and if we consider the motion of a particle which wa originally located at a 
radius ay where a i the initial radiu of the bubble and y a parameter numerically les than 
unity, then a suming that the .flame urface has negligible thickness, the conservation of mass 
give us the equation 
444 3" 7rPfTl +3 7rPo h,3 - T/) =3" 7rPo a3y3 (1) 
where Ty is the radius at which the particle under con, id ration is situated at any laler instant. 
Equation (1) merely expresse the fact that the mas of material in ide the 'phere of radiu ry 
i the same as that initially in ide a phere of radiu ay. 
As ha been shown above the normal burning of the gas occur at uch a rate that hoth the 
velocity of the flame in space (8') and of the .flame relative to the ga (8) are constant. We 
may therefore write 
~= ~ W 
where tithe time elapsed since the ignition occurred. Al 0 we may abbreviate by writing 
n3=Po=A3 (3) 
y Pt a3 
for the ratio of the den ities. (g is thu the ratio of final to initial diam tel' of the bubble and 
may be directly ob erved.) 
Inserting these relations in equation (1) gives 
Ty = ~ a 3y3 +8'3 t3 ( 1-?) (4) 
a the radius at which a particle originally at a distance ay, will be situat d at time t. 
DifIerentiation with respect to t regarding y as constant gives 
S'3 (1 - -.!) (l 
8'_8=ary = t at ry2 
(5) 
a the velocity in space of the gas particle at time t. 
l 
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A econd differentiation give 
(6) 
as the acceleration experienced by a particle of the gas located at a distance ry at a time t. 
Since the acceleration can be cau ed only by pres ure gradient at the particle in question, 
we may write 
(7) 
where P i the pressure. 
Integrating with 1'e pect to l' give 
P=P +2 13 p (1_.i)!_isI6 p (1 -1.)r. o 0 tr2 0 tr4 (8) 
where Po is the con taut of integration and is equal to the normal initial atmo pheric pres ure. 
It will be noted that P is a function of!, and that all the equation from (4) onward apply 
r . 
only for point out ide the flame surface. At thi: suda e!has its greate t value which is!, and 
r s 
( ) then become 
1) = PO+PO;'2 (1 - :,) (3 + ~) (9) 
Equation (9) thus indicate the maximum value of the pressure wave just ahead of the flame. 
ince the normal velocity of ound i given by 
where 7e is the ratio of specific heaLs, we may rewrite equation (9) a 
p = Po(l +~ ,~,:(1 - ;,)(1 +3~)) (10) 
For 00 and O2 mixture , I seldom exceeds 12 m/sec. (39.4 ft. / ec.) while (' has the value 
I 
330 m./sec. (1083 ft./ ec.) Hence 0= .036 and the econd term in the bracket in equation 
(10) is Ie than .0025. The comprcs ion in a gas re ulting from such a change of pressure i of 
course proportionally slight and we thu see that the initial assumption that no compres ion 
occurs was ju tified in the ca e of ]'('actions who e v('locity i small compared with that of sound. 
Since the gas in ide the flame surface is at rest the velocity of each particle of O"as i checked 
and reduced from the value s' - s to zero as the flame overtake it. The pressure on the inside 
of the flame must therefore be less than that outside by an amount which can be computed 
by equating the momentum de troyed in a given time interval to the force acting. Thi gives 
for the pres ure drop between the two ide of the flame surface ' 
(11) 
ubtracting this from (10) leaves 
( 3k S'2 ( 1) ( 1 )) Pi = Po 1 + 2 02 1 - t 1 - 3g3 (12) 
as the pre ure in ide the flame urface, while combu tion i in progress. 
o 




Sym- to axis) Designation. symbol. bol. 
LongitudinaL ... X X 
LateraL ........ Y Y 
NormaL. ....... Z Z 




Pitch (a) Aerodynamic pitch, pa 
(b) Effective pitch, pe 
(c) Mean geometric pitch, Pir 
(d) Virtual pitch, pv 
(e) Standard pitch, p. 
Pitch ratio, p/D 
Inflow velocity, V' 
Slipstream velocity, Va 
Moment about axis. Angle. Velocities. 
Designa-
tion. 
rollin~ .. ... 
pitc~g . .. 
yawmg ..... 





Y~Z roll .... . <I> u p 
Z~X pitch .... e 11 q 
X~Y yaw ..... it w r 
Angle of set of control surface (relative to 
neutral position), 5. (Indicate surface by 
proper ubscript.) 




(If (, coefficients" are introduced all units 
u ed mu t be consistent.) 
Efficiency T/ = T VIP 
Revoluti~ns per ec., n; per min., N 
Effective helix angle ~= tan-1 (2;rn) 
5. NUMERICAL RELATIONS. 
1 IF = 76.04 kg. m/sec. = 550 lb. ft/sec. 
1 kg. m/sec. =0.01315 IP 
1 lb. = 0.45359 kg. 
1 kg. = 2.20462 lb. 
1 mijhr. =0.44704 m/sec. 
1 m/sec. = 2.23693 mijhr. 
1 mi. = 1609.35 m. = 520ft. 
1 m. = 3.2 0 3 ft. 
